For example, a light source propagating within an ionization front will undergo "photon acceleration"-a continual upshift of its frequency induced by the dynamic refractive index gradient. [15] [16] [17] [18] However, the frequency upshift results in group velocity acceleration and a tendency for the source to decouple from the constant velocity ionization front. To highlight a second example, recent simulations of plasma-based laser amplification showed that a dynamic ionization front propagating just ahead of an amplifying seed pulse provides enhanced control over plasma parameters as well as improved noise suppression. 19 A technique providing unprecedented spatiotemporal control over the propagation of laser intensity-the "flying focus"-was recently pioneered. 20, 21 A chirped broadband laser pulse with duration x (with the sign of x indicating the direction of the chirp) is focused by a highly chromatic diffractive optic that produces an extended focal region with length l. In general, each color reaches best focus at a unique time, and the rate at which the location of best focus moves is uniquely determined by the ratio x/l for a linearly chirped beam. Peak laser intensity can be made to propagate at any velocity, from -∞ to +∞, by tuning x/l. Subsequent calculations have demonstrated that a dynamic ionization front will track the velocity of an intensity isosurface at the ionization threshold of a background gas. 22 Therefore, the flying focus can be used to produce an ionization wave of arbitrary velocity (IWAV). These simulations also revealed that backward IWAV propagation relative to the ionizing laser mitigates ionization-induced refraction, which typically degrades the formation of long, uniform laser-produced plasmas. 23, 24 
Ionization Waves of Arbitrary Velocity
In this article, we report the first experimental demonstration of ionization waves of arbitrary velocity. The velocities ranged from subluminal to superluminal (slower and faster than the speed of light, respectively), both forward-and backwardpropagating relative to the ionizing laser. Ionization fronts were observed to propagate smoothly over several millimeters in most cases, although subluminal forward propagation was degraded by ionization-induced refraction, as expected. To diagnose the IWAV propagation, a novel spectrally resolved schlieren diagnostic was developed, exploiting the linear time-frequency relationship of a chirped probe. These data demonstrate the feasibility of flying-focus-produced IWAV's for use in applications like those discussed above.
The experimental setup is shown in Fig. 154. 17. An Nd:YLF laser with optical parametric chirped-pulse amplification (OPCPA) generated a beam with central wavelength m 0 = 1.053 nm and full-width-at-half-maximum (FWHM) bandwidth Dm = 8.7 nm, providing the source for the pump and probe beams. The linearly chirped pulse duration was tuned by adjusting the grating position in the stretcher. A beam splitter directed 85% of the energy to the pump path. A diffractive lens with radially varying groove density, described more fully in Ref. 21 , was used to focus the pump beam in ambient air. Its focal length for the central wavelength of the pump was f 0 = 51.1 cm, and it produced an extended focal region of length l = f 0 Dm/m 0 = 4.2 mm, with the red and blue sides of the spectrum focusing nearest to and farthest from the lens, respectively. With an energy of 25.5!0.3 mJ, the pump could create a plasma channel in air at best focus for pulse durations ranging from best compression (<1 ps) up to .40 ps.
The additional 15% transmitted through the beam splitter was down-collimated, converted to 2~ using a secondharmonic crystal, and directed to the plasma orthogonal to the pump axis for use as a probe beam. An optical delay path was used to time the probe such that its passage coincided with the IWAV propagation. The plasma channel was imaged along the probe path onto the entrance slit of a 0.3-m imaging spectrometer equipped with a 1200-grooves/mm grating. A channel (i.e., the edge of the channel). A Finger Lakes chargecoupled-device (CCD) camera was used to capture images at the exit plane of the spectrometer.
Removing the schlieren stop, opening the spectrometer slit, and operating the spectrometer in zero order, the CCD camera captured a 2-D shadowgraphy image of the plasma channel. Inserting the schlieren stop with otherwise the same parameters yielded a 2-D schlieren image. The spectrometer slit was then centered on the edge of the plasma channel (the location of maximum signal) and the grating was set to disperse the probe wavelengths orthogonal to the plasma channel axis. The spectral axis effectively provides picosecond time resolution as a result of the linear time-frequency dependence of the chirped probe beam. . Negative values of the pulse duration x correspond to negatively chirped beams, with the blue end of the spectrum preceding the red end in time. The IWAV velocity is converted to an observable on the spectrally resolved schlieren measurement by noting that dz/dt = (dz/dm) (dm/dt), and for the linearly chirped second-harmonic probe beam, the derivative dm/dt = -Dm/2x (i.e., the FWHM spectral bandwidth of the probe-half that of the pump-is spread out over the FWHM pulse duration). Therefore, the expected edge slope on the schlieren diagnostic is given by .18 (a) The flying focus velocity (i.e., the speed at which constant intensity isosurfaces move near best focus) is determined by the ratio of the chirped-pulse duration to the length of the extended chromatic focal region produced by the diffractive optic. Any velocity (including faster than the speed of light) is achievable in both the forward and backward directions relative to the laser propagation. (b) For the spectrally resolved schlieren diagnostic, the expected linear slope of an edge marking the onset of plasma formation is plotted as a function of pump and probe pulse duration. The overlaid points correspond to the experimental data. Both forward-and backward-propagating ionization waves of arbitrary velocity were produced, with velocities both less than and greater than the speed of light in each direction.
knife edge was used as a schlieren stop in a focal location of the probe beam along the imaging path. It was oriented in order to probe gradients orthogonal to the axis of the plasma dm/dt = -Dm/2 [(1/cx) + (1/l)]; this slope is plotted as a function of pulse length in Fig. 154.18(b) .
Results from the spectrally resolved schlieren diagnostic are shown in Fig. 154.19 . Each image is an average of five to ten shots divided by an average of several reference spectra, which were obtained by removing the schlieren stop and blocking the pump beam. The pump beam propagated from left to right along the z axis. An edge-finding routine was used to find the time of the ionization wave's appearance at each axial location; vertical lineouts were taken averaging over .30-nm increments along the z axis, and typically the value closest to 10% along the spectral axis was specified as the edge. The slope was determined from a linear best fit through the data points. The points found by the edge-finding routine, as well as the best fit result, are plotted with the data in Fig. 154.19 . because the IWAV's are forward-propagating but the probe chirp is negative [e.g., Fig. 154.19(c) ]. The reversed direction of time is evident in the schlieren image because the blue side of the spectrum probes the fully formed plasma channels in contrast to the previous examples. Note also that for x > -l/(2c), the time l v f that it takes the IWAV to propagate from one edge of the focal region to the other is greater than the probe pulse duration , x limiting the IWAV propagation distance that the probe can diagnose. Therefore, in the example shown, the plasma is already over 1 mm in length by the time the probe arrives.
The key difference in Fig. 154.19(d) is that the schlieren signal appears disjointed along the axis of the pump beam. This results from ionization-induced refraction in the case of subluminal forward propagation-an effect that was predicted in Ref. 22 . To illustrate this more clearly, 2-D shadowgraphs and 2-D schlieren images are shown for three cases in Fig. 154 .20. The example in Fig. 154 .20(a) happens to be the case of a nearly instantaneous line focus, but all cases of backward propagation that were tested, in addition to superluminal forward propagation, produced similar long, uniform plasma channels. Contrast that with Fig. 154.20(b) , which shows that the initial plasma at z = -1 mm disrupts subsequent plasma formation over the next .1 mm. At a later point along the pump axis, the initial plasma is far enough away (refracting a small enough fraction of the wavelength that focuses to that location) that ionization is once again triggered locally. This cycle repeats itself once more, producing three distinct sparks [the third being more evident in Fig. 154.19(d) than in Fig. 154.20(b) ].
Using the edge-finding routine on the middle spark resulted in a linear fit that roughly tracks the central plasma and also seems to predict the timing of the third plasma's formation, but the fit's confidence was much lower, resulting in larger error bars. The slopes for all data sets, including subluminal backward propagation (which has not been shown), were overplotted with the analytic calculation in Fig. 154.18(b) . In most cases, the uncertainties in pulse length and schlieren slope were smaller than the marker size shown, with the exception of the subluminal forward-propagating IWAV just described; nevertheless, that result is also in good agreement with the prediction.
For completeness, Fig. 154 .20(c) shows the plasma channel formation that occurs when the probe duration was at best compression (x . 500 fs). In this case, the diffractive lens produces a distributed focal spot that would be expected to have approximately constant intensity over several millimeters while propagating at the laser's group velocity (and is therefore the case most similar to conventional beam propagation). This case was degraded even more severely by ionization-induced refraction such that only one short plasma was formed.
In summary, ionization waves of arbitrary velocity have been demonstrated experimentally using the flying focus. While superluminal ionization front propagation has been demonstrated previously, 25 and a different (more complicated) scheme for tuning the velocity of ionization waves has been proposed, 26 to our knowledge this represents the first experimental demonstration of IWAV's. Producing plasma channels in this manner could facilitate improved performance in a wide range of applications that rely on synchronization with an ionization front, such as plasma-based laser amplification, photon acceleration, and THz generation. Even neglecting the potentially beneficial dynamics of the ionization front, we have demonstrated long, uniform, flying focus-produced plasma channels that are comparable to those created using an axicon lens, which may be of interest to applications that utilize plasma waveguides. [27] [28] [29] [30] 
